We have recently shown that in vivo inhibition of histone deacetylase (HDAC) stimulates endogenous myocardial regeneration in infarcted hearts (Zhang L et al. J Pharmacol Exp Ther 341: 285-293, 2012). Furthermore, our observation demonstrates that HDAC inhibition promotes cardiogenesis, which is associated with HDAC4 reduction. However, it remains unknown as to whether specific inhibition of HDAC4 modulates cardiac stem cells (CSCs) to facilitate myocardial repair and to preserve cardiac performance. c-kit ϩ CSCs were isolated from adult mouse hearts and were transfected with HDAC4 siRNA to knockdown HDAC4 of c-kit ϩ CSCs. The transfection of HDAC4 siRNA caused a marked reduction of HDAC4 mRNA and proteins in c-kit ϩ CSCs. Mouse myocardial infarction (MI) was created to assess the effect of HDAC4 inhibition in c-kit ϩ CSCs on myocardial regeneration in vivo when cells were introduced into MI hearts. Transplantation of HDAC4 siRNA-treated c-kit ϩ CSCs into MI hearts improved ventricular function, attenuated ventricular remodeling, and promoted CSC-derived regeneration and neovascularization. Furthermore, Ki67 and BrdU positively proliferative myocytes increased in MI hearts receiving HDAC4 siRNA-treated c-kit ϩ CSCs compared with MI hearts engrafted with control siRNA-treated c-kit ϩ CSCs. In addition, compared with MI hearts engrafted with control adenoviral GFPinfected c-kit ϩ CSCs, MI hearts receiving adenoviral HDAC4-infected c-kit ϩ CSCs exhibited attenuated cardiac functional recovery, CSC-derived regeneration, and neovascularization, which was accompanied with adverse ventricular remodeling and decrease in Ki67 and BrdU positively proliferative myocytes. HDAC4 inhibition facilitated c-kit ϩ CSCs into the differentiation into cardiac lineage commitments in vitro, while HDAC4 overexpression attenuated c-kit ϩ CSC-derived cardiogenesis. Our results indicate that HDAC4 inhibition promotes CSC-derived cardiac regeneration and improves the restoration of cardiac function.
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heart; HDAC4; regeneration; myocardial infarction; stem cells IT HAS NOW BEEN RECOGNIZED that adult hearts harbor distinct populations of cardiac progenitors (2, 25, 26, 34) , which have the potential to differentiate into cardiomyocytes, endothelia, and vascular smooth muscle cells. Furthermore, several studies have shown that these cardiac progenitor cells are capable of differentiating into cardiac tissue and improving cardiac function after a myocardial injury. Exponential advances in stem cell and regenerative biology are beginning to foster a transition toward therapeutic goals for cardiac regenerative medicine (8, 14, 15, 33) . However, poor cell viability, proliferation, and inefficient differentiation following transplantation have limited the reparative capacity of these cells in vivo (26, 29, 39) . Thus molecular intervention strategies to enhance cardiac stem cell (CSC) proliferation and survival hold dramatic consequences for enhancing myogenesis and will empower therapeutically relevant implementation of myocardial regeneration. It was reported that genetically modified stem cells could repair infarcted myocardium, prevent remodeling, and nearly normalize cardiac performance (10, 29) . Two recent clinical trials on human studies suggest that intracoronary infusion of autologous CSCs or autologous cardiosphere-derived cells is effective in improving left ventricular (LV) systolic function and reducing infarct size in patients with heart failure (3, 28) .
Histone acetyltransferases (HAT) and histone deacetylases (HDAC) emerged as important mechanisms in the regulation of a variety of cellular responses (13) . HDAC4 is expressed in the heart, stem cells, the endothelium, and vascular smooth muscle cells (1, 4, 12, 19, 21) . Cardioprotective effects of HDAC inhibition against injury have been well identified (45, 47, 48) . Our recent observation demonstrates that HDAC inhibition enhanced myocardial repair in vivo through stimulation of endogenous regeneration (46) , which is in line with our observation that HDAC inhibition facilitated the embryonic stem cells' differentiation into cardiac lineages and enhanced resistance to oxidant stress (4) . However, the recent evidence has indicated that HDAC4-null mice display premature ossification of developing bones due to ectopic and early onset chondrocyte hypertrophy, but overexpression of HDAC4 in proliferating chondrocytes in vivo inhibits chondrocyte hypertrophy and differentiation (40) . In addition, selective loss of HDAC4 in the brain results in impairments in hippocampaldependent learning and memory and long-term synaptic plasticity (18) . These observations may suggest that HDAC4 plays a different function in different disease models.
We noted that the decrease in HDAC4 was related to cardiac differentiation of embryonic stem cells (4) , but the role of HDAC4 of CSCs in modulation of myocardial regeneration remains unknown. Results presented herein demonstrate the beneficial capacity of HDAC4 inhibition to enhance cardiac regeneration, advancing the concept of ex vivo gene therapy with cultured CSCs to enhance cardiogenesis when reintroduced into infarcted myocardium. (31) . Myocardial tissues from 3-mo-old CD-1 male mice were minced into small pieces and subjected to enzymatic dissociation, and the remaining tissue fragments were cultured as explants in explant medium [Iscove's Modified Dulbecco's IMDM with 10% fetal calf serum (FBS), 100 U/ml penicillin G, 100 g/ml streptomycin, 2 mmol/l L-glutamine, and 0.1 mmol/l 2-mercaptoethanol] at 37°C and 5% CO 2. After 2-3 wk, small-phase bright cells migrating above the fibroblast layer were formed from adherent explants. The selected CDC cells were cultured and maintained in complete media containing DMEM/F12, 10% fetal calf serum, 200 mM L-glutamine, 55 nM ␤-mercaptoethanol, and 1% MEM nonessential amino acids (Invitrogen). To enrich the c-kit ϩ CSCs, c-kit ϩ cells were isolated by magnetic cell sorting with CD117 magnetic beads (Miltenyi Biotec, Auburn, CA) as instructed by the manufacturer's protocols. To track the fate of transplanted CSCs in the infarcted hearts, a stable c-kit ϩ CSC line expressing GFP was established. Freshly isolated c-kit ϩ CSCs were transfected with the linearized pEGFP using Lipofectamine 2000 (Invitrogen) and maintained in the presence of G418 (500 g/l) for 2 wk. The transfected GFP-c-kit ϩ CSC-positive colonies were formed, picked up under fluorescent microscopy, and expanded for subcultures. To prevent the effects of multipassages on CSCs, CSCs at passage 4 were used in this study. The method of siRNA transfection was conducted according to the manufacturer's instructions. HDAC4 siRNA (mouse) used in these studies consists of a pool of three different siRNA duplexes (mRNA accession no. NM_207225, Santa Cruz Biotech). The sequences of HDAC4 siRNA 1 duplexes are the following: HDAC4 siRNA (mRNA location: 131) 5=-CCAUCCAGAUGGACUUUCUtt-3= (sense), 5=-AGAAAGUCCAUCUGGAUGGtt-3= (antisense); HDAC4 siRNA (mRNA location: 2609): 5=-GGAUGUACAUCAUGGGAAUtt-3= (sense), 5=-AUUCCCAUGAUGUACAUCCtt-3= (antisense); HDAC4 siRNA (mRNA location: 3792) 5=-CCACUCAACUCAUCUUGUAtt-3= (sense), 5=-UACAAGAUGAGUUGAGUGGtt-3= (antisense). We also included additional HDAC4 siRNA (mRNA accession no. NM_207225, Sigma, St. Louis, MO), which are designated as HDAC4 siRNA 2 (mRNA location 2789) 5=-GAG UAC UUG GCA GCC UUC A-3= (sense), 5=-UGA AGG CUG CCA AGU ACU C-3= (antisense); HDAC4 siRNA 3 (mRNA location 856) 5=-GAA AUU ACG CUC AAG GCU U-3= (sense), 5=-AAG CCU UGA GCG UAA UUU C-3= (antisense).
MATERIALS AND METHODS

All
The negative control (scrambled) siRNA, HDAC4 siRNA were mixed with Lipofectamine 2000 at a final concentration of 500 nmol/l of siRNA in medium, respectively. To examine effects of HDAC4 overexpression on c-kit ϩ CSC behaviors and c-kit ϩ CSC-derived myocardial regeneration, adenoviral vectors with the HDAC4 gene (Vector Biolabs) were used to induce HDAC4 overexpression in c-kit ϩ CSCs. c-kit ϩ CSCs were transduced overnight using dilutions of concentrated virus equivalent to 1 ϫ 10 7 infectious units in non-FBS medium. c-kit ϩ CSC transduced with the adenoviral GFP vector served as controls. HDAC4 overexpression in c-kit ϩ CSCs was confirmed by Western blot. Forty-eight hours after siRNA transfection and/or HDAC4 infection, the in vivo allogeneic c-kit ϩ CSC transplantation was performed in MI mice.
Myocardial infarction. Three-month-old male CD-1 mouse myocardial infarction was created following thoracotomy by applying permanent ligation to the left anterior descending artery (LAD) as previously described (38) . Sham animals underwent placement of the suture without ligation. In order to evaluate the effects of HDAC4 inhibition on myocardial proliferation, animals received intraperitoneal injection of 5-bromo-2-deoxyuridine (BrdU, 50 mg/kg, Sigma, St. Louis, MO) every other day for 2 wk to pulse-chase label cardiac proliferative index into MI hearts.
In vivo allogeneic c-kit ϩ CSC transplantation. Cell transplantation was conducted in MI hearts. A total of 5 ϫ 10 5 GFP labeled c-kit ϩ CSCs were suspended in 10 l of PBS and directly injected into five sites in the border zone of the infarcted left ventricle immediately following induction of myocardial infarction during LAD surgical operation. We have previously demonstrated that infusion of the same amount of lin(Ϫ)c-kit(ϩ) stem cells improved myocardial functional recovery following myocardial infarction (38) . Prior to surgery, animals were randomized into three groups: sham-operated animals, control siRNA-treated animals that received control siRNA-c-kit ϩ CSCs, and cell-treated animals that received HDAC4 siRNA-c-kit ϩ CSCs (n ϭ 5-7 per group), respectively. In another set of experiments, animals were randomized into three groups: sham-operated animals, cell injected animals that received an adenoviral control vector, and HDAC4-infected c-kit ϩ CSCs (n ϭ 5 per group). The investigators responsible for surgery were blinded to the treatments of injected c-kit ϩ CSCs. Two weeks after cell engraftments, ventricular functions were measured, and immunohistochemistry was carried out.
Measurement of left ventricular function. The measurement of left ventricular function is described previously in detail (29, 38) . Two weeks after cell engraftment, hearts were rapidly excised and arrested in ice-cold Krebs-Henseleit buffer. They were then cannulated via the ascending aorta for retrograde perfusion by the Langendorff method using Krebs-Henseleit buffer containing (in mM) 110 NaCl, 4.7 KCl, 1.2 MgSO4 7H2O, 2.5 CaCl2·2H2O, 11 glucose, 1.2 KH2PO4, 25 NaHCO3, and 0.5 EDTA. The buffer, aerated with 95% O2-5% CO2 to give a pH of 7.4 at 37°C, was perfused at a constant pressure of 55 mmHg. Left ventricular functional analysis was performed using computer software and a computer-based recording system (BIOPAC, Goleta, CA). Measured parameters include left ventricular systolic pressure, heart rate, left ventricular developed pressure (LVDP), where LVDP is systolic pressure minus left ventricular end-diastolic pressure (LVEDP), and rate-pressure product (RPP). RPP is expressed as the product of LVDP and heart rate. Left ventricular dP/dtmax and dP/dtmin were continuously recorded. The investigators responsible for ventricular functional analysis were blinded to the cell treatment groups.
Echocardiographic assessment of cardiac performance. Mice were anesthetized with 1.5% isoflurane, and temperature was maintained at 37°C. Nair lotion (Church and Dwight Canada, Mississauga, ON, Canada) was applied on the precordial region for 3 min to cleanly remove the hair, and the region was covered with prewarmed ultrasound transmission gel (Aquasonic, Parker Laboratory, Fairfield, NJ). Transthoracic echocardiography was performed using an Acuson Sequoia C512 system with a 15L8 linear array probe. All images were acquired at a depth setting of 25 mm. Two-dimensional B-mode and M-mode echocardiographic images were obtained at the level of the papillary muscles from the parasternal short-axis view. Wall thickness and chamber dimension were determined from M-mode tracings using cardiac calcs software. All left ventricular (LV) dimensions are presented as the average of measurements using three to five consecutive selected beats.
Tissue and cellular immunocytochemistries. Animals were killed 2 wk following cell engraftment, and cardiac tissues were collected for immunocytochemistry and histological analyses. Cardiac sections (10-m thick) were prepared from the paraffin-embedded hearts. Tissue sections were deparaffinized for 30 min at 70°C and subsequently immersed in xylene and ethanol at decreasing concentration. Slides were then washed in distilled water. Myocytes were identified by mouse monoclonal ␣-sarcomeric actinin, mouse monoclonal tro-ponin T (Sigma, St. Louis, MO), and goat-polyclonal MEF2C (Santa Cruz Biotechnology, Santa Cruz, CA). Microvessel densities were examined by anti-␣-smooth muscle actin (␣-SMA) monoclonal antibody (Sigma, St. Louis, MO). DNA synthesis was determined with incorporation of BrdU into the DNA of dividing cells. BrdU monoclonal antibody was used to detect the proliferation (Roche Diagnostics), polyclonal Ki67 for the cycling myocytes (Novocastra, UK). The c-kit ϩ CSC-derived newly formed myocytes were identified with polyclonal GFP antibody (Life Technologies) and costaining with ␣-sarcomeric actinin and MEF2C. The c-kit ϩ CSC-derived newly formed microvessels were identified with GFP and costaining with ␣-SMA. Sections were incubated with individual primary antibodies for 2 h at room temperature. Signals were visualized with secondary antibodies including goat anti-rabbit-IgG-Cy3, goat anti-mouse-IgG-Cy3 (Life Technologies), goat anti-rabbit FITC (Vector Laboratories, Burlingame, CA), anti-mouse-IgM-FITC (Sigma), rabbit-anti-goat FITC (Life Technologies), anti-mouse Alexa Fluor 647 (Life Technologies), respectively. 4,6-Diamidino-2-phenylindole (DAPI) was used to identify nuclei. Fluorescent imagining was performed using a highresolution Zeiss Axioplan 2 epifluorescence microscope controlled by Zeiss Axiovision software. Confocal images were obtained with the Carl Zeiss LSM 700 laser scanning microscope equipped with the intuitive ZEN software. Stained numbers of sections were counted in approximately 20 randomized fields of the tissue sections, which were taken in the middle plane of each heart and contained infarct and border regions and were normalized to the tissue area.
Histological analysis. Cardiac samples were obtained 2 wk after cell engraftments. Masson's trichrome staining was performed according to the manufacturer's protocol (Sigma). Images of the three sections from the base to the apex of the left ventricle in each heart were taken using an Olympus BX51 microscope with Spot Advanced software. Infarct scar area and total area of left ventricle were traced manually and measured using image software (NIH ImageJ). Wall thickness of left ventricle, viable myocardium, and scar size were measured as described before (5) . To quantitate the degree of left ventricle dilation, the LV expansion index was calculated using a modification of the method: expansion index ϭ (LV cavity area/total area) ϫ (noninfarcted region wall thickness/risk region wall thickness). To measure the size of myocytes in the remote area of infarcted hearts, sections (10 m) were prepared from paraffin-embedded tissues. Myocyte cross-sectional area was measured from images captured from the sections obtained middistance from the base to the apex. Wheat germ agglutinin (WGA) staining was carried out using immunofluorescent staining to measure cell size. Suitable crosssections were defined as having nearly circular-to-oval myocyte sections. The outline of myocytes was traced in the LV of each animal, using NIH ImageJ software to determine myocyte crosssectional area. A value from each heart was calculated by the measurements of approximately 400 -600 cells in remote area from infarction of an individual heart.
Terminal deoxynucleotidyl transferase mediated dUTP nick end labeling assay (TUNEL). Survival of transplanted cells was detected with TUNEL labeling using an in situ cell death detection kit from Roche following the manufacturer's instructions (38) . Transplanted cells were labeled with GFP and nuclei were stained with DAPI. TUNEL positive cells were observed using confocal laser scanning microscopy LSM 700 (Carl Zeiss). The numbers of GFP positive/ TUNEL cells were determined and were normalized to the tissue area.
In vitro analysis of cardiac differentiation. The c-kit ϩ CSCs were cultured in the Millicell EZ slides (Millipore) for cellular immunostaining analysis. The c-kit ϩ CSCs at 60% confluency were transfected with the negative control (scrambled) siRNA and HDAC4 siRNA using Lipofectamine 2000 at a final concentration of 500 nmol/l of siRNA in medium, respectively. In another set of experiments, c-kit ϩ CSCs were transduced overnight using dilutions of concentrated virus equivalent to 1 ϫ 10 7 infectious units in non-FBS medium to determine the effects of overexpression of HDAC4 on cardiac proliferation and cardiac linage specification. To induce the differentiation of c-kit ϩ CSC, leukemia inhibitory factor was withdrawn from the culture medium and 10 Ϫ8 M dexamethasone was added for 5 days in in vitro culture. The proliferation was evaluated with anti-rabbit polyclonal Ki67 antibody, and polyclonal phosphorylated histone 3 antibody was used to assess mitosis. Cardiac lineage specifications were determined by anti-rabbit polyclonal MEF2C antibody (Santa Cruz Biotech, CA). Cells were fixed in 3.7% (vol/vol) paraformaldehyde for 15 min and then permeabilized in 0.5% Triton X-100 in PBS for 10 min. The cells were then incubated with primary antibodies for 2 h. Secondary anti-rabbit IgG (HϩL)-Cy3 (Vector Laboratories, Burlingame, CA) and/or anti-mouse IgM-FITC antibodies were applied at room temperature. To examine the effect of knockdown of HDAC4 on the protein levels in c-kit ϩ CSCs, an identical experimental culture protocol as above was carried out in 6-well culture plates to detect the protein expression of HDAC4.
Real-time polymerase chain reaction (PCR). Total RNA was extracted from CSCs from different groups with Trizol reagent (Life Technologies, Grand Island, NY). cDNA was synthesized from 5 g of total RNA. The reverse transcribed cDNA (5 l) was amplified to a final volume of 50 l by PCR under standard conditions. Real-time PCR experiments were performed on a Mastercycler Realplex4 (Eppendorf North America) system using qPCR Kit master mix. (Kapa Biosystems, Boston, MA). Primer sequences of HDAC4 used in these studies are as follows: forward 5-CTG CAA GTG GCC CCT ACA G-3, reverse 5-CTG CTC ATG TTG ACG CTG GA-3. GAPDH was used as the internal control.
Western blot analysis. Proteins (50 g/lane) were separated by SDS-PAGE and then transferred onto a nitrocellulose membrane. The membrane was blocked with 5% non-fat dry milk in 1X Tris-buffered saline containing 0.5% Tween 20 for 1 h. The blots were incubated with their respective polyclonal antibodies HDAC4, Ki67, phosphorylated histone 3, MEF2C, and ␤-actin (1:1,000) for 2 h and visualized by incubation with anti-rabbit horseradish peroxidase-conjugated secondary antibody (1:5,000) for 1 h and developed with ECL Chemiluminescence detection reagent (Amersham Pharmacia Biotech).
HDAC activity assay. Measurement of HDAC activity of c-kit ϩ CSCs was conducted using the colorimetric HDAC activity assay kit (BioVision Research, Mountain View, CA). Statistics. All data are expressed as means Ϯ SE. Differences among multigroups were analyzed by one-way analysis of variance (ANOVA), followed by Bonferroni correction. Student's unpaired t-test was used when there were two groups. A probability of P Ͻ 0.05 was considered to be a significant difference.
RESULTS
Genetic knockdown of HDAC4 in c-kit
ϩ CSCs reduces protein expression. In order to see whether siRNA HDAC4 led to the knockdown of HDAC4 in c-kit ϩ CSCs, HDAC4 protein contents and mRNA were examined at 5 days posttransduction in the transfected c-kit ϩ CSCs. As shown in Fig. 1A , HDAC4 mRNA contents were significantly reduced following the transfection of HDAC4 siRNA duplex c-kit ϩ CSCs, suggesting that HDAC4 siRNA duplexes effectively knockdown HDAC4 in c-kit ϩ CSCs. In order to rule out the potential off-target effect and demonstrate the efficiencies of HDAC4 siRNA duplexes in this study, we included two additional oligonucleotides to further confirm the effect of HDAC4 siRNA. All of these HDAC4 siRNA dramatically attenuated the HDAC4 mRNA in c-kit ϩ CSCs. We also included HDAC4 shRNA as a control for confirming the effect of knockdown of HDAC4 (data not shown). Likewise, as shown in Fig. 1B, HDAC4 siRNA duplex-transfected c-kit ϩ CSCs showed a reduction in HDAC4 protein. Therefore, HDAC4 siRNA duplexes were employed for both subsequent in vivo and in vitro experiments. Furthermore, as shown in Fig. 1C , an overexpression of HDAC4 increased HDAC4 protein at 5 days posttransduction of adenoviral HDAC4 in c-kit ϩ CSCs. As shown in Fig. 2 , A and B, HDAC4 siRNA significantly attenuated HDAC activity, but an overexpression of HDAC4 resulted in the marked increase in HDAC activity.
Inhibition of HDAC4 in c-kit
ϩ CSCs improves cardiac functional restoration. Left ventricular functional parameters were measured in isovolumetric perfused hearts, which avoids the confusing effects of preload, afterload, and in vivo sympathetic activity. Left ventricular developed pressure in MI hearts decreased compared with that in sham-operated mice (Fig. 3A) . However, there were greater improvements in LV dP/dt max and LV dP/dt min restoration in MI hearts that received HDAC4 siRNA treated c-kit ϩ CSCs compared with MI hearts that received control siRNA-treated c-kit ϩ CSCs. After 2 wk of myocardial infarction, echocardiographic assessment showed that MI mice receiving HDAC4 siRNA-treated CSCs demonstrated improvement in ejection fraction and fractional shortening compared with MI hearts receiving control siRNAtreated CSCs (Fig. 3B) . Likewise, MI mice receiving HDAC4 siRNA-treated CSCs prevented the increase in LVID in the infarcted mice (Fig. 3B) .
Furthermore, overexpression of HDAC4 in c-kit ϩ CSCs diminished the restoration of functional recovery in c-kit ϩ CSC-engrafted MI hearts compared with MI hearts receiving adenoviral GFP-treated c-kit ϩ CSCs (Fig. 4A ). As shown in Fig. 4B , echocardiographic measurement demonstrated that MI mice receiving adenoviral HDAC4-infected CSCs had diminished ejection fraction and fractional shortening compared with MI hearts receiving adenoviral-GFP-treated CSCs. Likewise, MI mice receiving adenoviral HDAC4-treated CSCs resulted in the increase in LVID in the infarcted mice (Fig. 4B) . The results indicate that HDAC4 inhibition in c-kit ϩ CSCs improves myocardial functional recovery in c-kit ϩ CSC-engrafted hearts.
Inhibition of HDAC4 attenuates cardiac remodeling in c-kit
Morphometric analysis of infarcted hearts shows severe LV chamber dilatation and infarct wall thinning in all MI hearts. MI hearts that engrafted HDAC4 siRNA-treated c-kit ϩ CSCs demonstrated attenuated LV remodeling, which was shown by a more viable myocardium and thicker infarcted wall but smaller scar size and less LV expansion (Fig. 5, A and B) . However, MI heart engrafted with adenoviral HDAC4-infected c-kit ϩ CSCs exacerbated myocardial remodeling compared with MI hearts that were engrafted with adenoviral GFP-infected c-kit ϩ CSCs (Fig. 5, C and D) . Furthermore, the increase in heart/tibia length ratio and heart/ body weight ratio was attenuated in MI hearts engrafted with HDAC4 siRNA-treated c-kit ϩ CSCs (Fig. 6, A and C) , whereas overexpression of HDAC4 exacerbated the heart/tibia length ratio and heart/body ratio in MI heart engrafted with c-kit ϩ CSCs (Fig. 6, B and D) . Likewise, increase in cross-sectional area of myocytes was also mitigated in MI heart receiving HDAC4 siRNA-treated c-kit ϩ CSCs (Fig. 6, E and G) . However, MI hearts engrafted with adenoviral HDAC4-infected CSCs resulted in the enlargement in cross-sectional area of myocytes (Fig. 6, F and H) . These results indicate that HDAC4 inhibition of CSCs improves myocardial remodeling in CSCengrafted MI hearts.
HDAC4 inhibition of c-kit ϩ CSC enhances myocardial regeneration. We estimated the survival of cells in the cellengrafted infarcted hearts. As shown in Fig. 7 , A and C, HDAC4 siRNA treatment led to an increase in CSC retention and survival in cell-engrafted MI heart. Likewise, the retention and survival of CSCs in cell-engrafted MI hearts were mitigated by overexpression of HDAC4 (Fig. 7, B and D) . In the CSC-treated MI hearts, GFP was utilized to recognize the CSC progeny and ␣-sarcomeric actinin and ␣-smooth muscle actin were employed to identify regenerated myocytes and microvessels, respectively. Following acute MI, cells were injected into the border and infarcted areas of hearts. As shown in Fig. 8, A and B, CSC-derived myocytes and microvessels were demonstrated in MI hearts that received cell transplantation. Knockdown of HDAC4 of c-kit ϩ CSCs resulted in an increase in CSC-derived myocytes and microvessels in cell-engrafted MI heart compared with MI hearts that received control siRNA-treated CSCs (Fig. 8C) . c-kit ϩ CSCderived myocytes and microvessels were located in the border and infarcted areas. In the cell-injected MI heart, CSC-derived cardiomyocytes and microvessels both are present in some areas of CSC-engrafted infarcted heart. However, As shown in Fig. 8D , MI hearts receiving adenoviral HDAC4-infected c-kit ϩ CSCs displayed a decrease in CSC-derived myocytes and microvessels compared with MI hearts that received control adenoviral-GFP-infected CSCs. Taken together, the data indicate that inhibition of HDAC4 facilitates c-kit ϩ CSC-derived cardiac regeneration and angiogenesis, but overexpression of HDAC4 attenuated CSC-derived cardiac regeneration and angiogenesis.
HDAC4 inhibition increases myocyte proliferation in c-kit
ϩ CSC-engrafted MI hearts. The dividing amplifying cells from CSC-engrafted MI hearts were evaluated by Ki67; the regenerated myocytes were detected with BrdU. Myocytes positive for Ki67 and BrdU were demonstrated in the infarct areas (Fig. 9, A and B ). There are rare detectable BrdU and Ki67 positive myocytes in sham control hearts (Fig. 9C ). As shown in Fig. 9D , compared with MI hearts receiving control siRNAtreated c-kit ϩ CSCs, there were significantly more BrdU positive myocytes in the MI hearts transplanted with HDAC4 siRNA-treated c-kit ϩ CSCs. Likewise, the percentage of Ki67 positive myocytes was increased in the MI hearts engrafted with HDAC4 siRNA-treated c-kit
ϩ CSCs. We further tested whether overexpression of HDAC4 of CSCs could eliminate the proliferative capacity of c-kit ϩ CSCs-engrafted MI hearts. As shown in Fig. 9E , compared with MI hearts engrafted with control adenoviral GFP-infected c-kit ϩ CSCs, c-kit ϩ CSCs overexpressing HDAC4 resulted in a remarkable reduction in BrdU and Ki67 positive myocytes.
HDAC4 inhibition increases cell proliferation and cardiac commitments in c-kit
ϩ CSCs in vitro. We next assessed whether HDAC4 induces CSCs to adopt cardiac specification in vitro. Knockdown of HDAC4 of c-kit ϩ CSCs resulted in an increase in MEF2C positive cardiac progenitors, which was associated with an increase in Ki67 and phosphorylated-histone 3 cycling index (Fig. 10, A and C) . However, c-kit ϩ CSCs infected with adenoviral HDAC4 decreased the magnitude of MEF2C positive cardiac progenitors compared with control adenoviral HDAC4 infected CSCs, which was associated with the reduction in Ki67 and phosphorylated histone 3 positive cardiac progenitors (Fig. 10B) . In addition, specific knockdown of HDAC4 led to the increase in Ki67 and phosphorylated histone 3 (Fig. 10D) . In contrast, the overexpression of HDAC4 inhibited Ki67 and phosphorylated histone 3 of c-kit ϩ CSCs (Fig. 10E) .
DISCUSSION
The availability of these well-characterized heart progenitor cells allows for a direct examination of their biological function and specific pathway that drives cardiogenesis in the developmental stage and regeneration infarcted myocardium (6, 30, 37) . Epigenetic intervention and/or HDAC inhibition have been recently identified as the critical determinant for cell programming in in vitro studies (16, 42, 44 recently demonstrated that HDAC inhibition serves as a central mechanism to trigger endogenous regeneration and repair infarcted tissue (46), it is not clear which specific HDAC isoform determines CSC-derived myocardial regeneration following MI. In this study, we demonstrated that HDAC4 inhibition plays a major role in controlling cardiac commitment of CSCs, inducing myocardial regeneration and restoration of cardiac functional recovery.
Mouse genetics have demonstrated an essential role of HDAC in embryogenesis (9, 11, 24, 32) . In this study, using the established siRNA approach, which is widely performed to knockdown specific genes in progenitor cells (17), we demonstrated that the treatment of HDAC4 siRNA significantly induced the knockdown of HDAC4 in c-kit ϩ CSCs, which is also accompanied by the reduction of HDAC activity. Knockdown of HDAC4 of c-kit ϩ CSCs exhibited an increase in newly formed myocytes and microvessels in CSC engrafted MI hearts. In contrast, overexpression of HDAC4 antagonized this event, indicating that the suppression of HDAC4 of CSCs is required for cardiac lineage commitment in vivo. This is supported by a previous observation that the overexpression of HDAC4 inhibited cardiomyogenesis, shown by the downregulation of cardiac muscle genes in P19 cells (21) . Activation of HDAC4 suppresses MEF2-dependent gene expression and contributes to progressive muscle dysfunction observed in neuromuscular diseases (7) . Molecular analysis reveals that through the NH 2 -terminal domain of HDAC4, HDAC4 interacts with the MADS-box transcription factor MEF2C to negatively regulate gene expression (41) . In our observation, we demonstrated that inhibition of HDAC4 increased the MEF2 A: quantitative analyses of heart/tibia length ratio in MI hearts that received c-kit ϩ CSCs transfected with control siRNA, HDAC4 siRNA, respectively. B: quantitative analyses of heart/tibia length ratio in MI hearts that received c-kit ϩ CSCs infected with adenoviral HDAC4 and adenoviral GFP. C: quantitative analyses of heart/body weight ratio in MI hearts that received c-kit ϩ CSCs transfected with control siRNA, HDAC4 siRNA, respectively. D: quantitative analyses of heart/body weight ratio in MI hearts that received c-kit ϩ CSCs infected with adenoviral HDAC4 and adenoviral GFP. E: relative myocyte areas were determined with WGA staining in MI hearts that received c-kit ϩ CSCs transfected with control siRNA, HDAC4 siRNA, respectively. F: relative myocyte areas were determined with WGA staining in MI hearts that received c-kit positive progenitors. It has been demonstrated that class II HDAC proteins suppress the formation of slow twitch, oxidative myofibers through the repression of MEF2 activity. However, expression of a hyperactive form of MEF2 in skeletal muscle of transgenic mice promotes the formation of slow fibers and enhances running endurance, providing a mechanism for skeletal muscle function by augmenting the transcriptional activity of MEF2 (35) . It is not clear whether regulation of MEF2 following HDAC4 inhibition may also be attributed for the formation of cardiac muscle in CSC-engrafted MI heart, which will need further investigation.
The enhanced myocardial regeneration derived from c-kit ϩ CSCs by the suppression of HDAC4 was associated with an improvement in functional restoration. In contrast, the overexpression of HDAC4 abolished the c-kit ϩ CSC-derived regenerative capacity and functional restoration, suggesting that the effect of HDAC4 inhibition on CSC-derived myocardial regeneration determines the restoration of cardiac functional recovery. This is consistent with our previous observation that ESC-derived cardiac lineage commitment was associated with HDAC4 reduction (4).
Neovascularizations were significantly increased in MI hearts receiving c-kit ϩ CSCs in which HDAC4 was specifically inhibited, indicating that HDAC inhibition mediated in microvessels in CSC-engrafted hearts might also be responsible for the improvement of myocardial function and the reduction of myocardial remodeling. This is supported by observations that the augmentation of neovascularizations in MI hearts was closely associated with the prevention of cardiac remodeling (20, 43) . It is very interesting to evaluate the volume of infarct size over time following the transplantation of CSCs in the MI heart, which is the limitation in our observation. In this study, our finding indicates that cardiogenesis was enhanced following specific inhibition of HDAC4. However, it is not clear whether HDAC4 inhibition can facilitate c-kit ϩ CSCs to capture features of embryonic stem cells such as immortality or teratogenicity in vivo. The induction of pluripotent stem cells by defined factors has been shown to cause the development of teratomas. Cardiac sections from infarcted hearts receiving siRNA HDAC4-treated c-kit
ϩ CSCs did not demonstrate the formation of tumorigenesis in hearts 6 mo after cell engraftment (data not shown), suggesting that HDAC4 inhibition in c-kit ϩ CSCs does not increase the risk of developing teratomas. In addition, c-kit ϩ CSCs-engrafted MI hearts antagonized cardiac hypertrophy, which is in line with previous observations that inhibition of HDACs showed cardioprotection and blocks cardiac hypertrophy (22, 23) .
In addition to the effect of HDAC4 inhibition on CSCderived cardiogenesis following transplantation, it is likely that an increase in CSC survival may also have contributed to cardiac performance preservation and attenuation of remodeling. It has been reported that the engraftment of exogenous stem cells activated cardiac resident stem cells to increase endogenous myocardial repair (27) . It is not clear whether inhibition of HDAC4 in engrafted CSCs could affect resident CSCs to repair damaged hearts. It was reported that there were conflicting observations in cell fusion in cell engrafted host myocardium (3, 34) ; the role of cell fusion on functional improvement remains unknown. We did not find cell fusion of engrafted stem cells with resident cardiomyocytes in infarcted heart. The present study did not show whether cell fusion constitutes a major mechanism(s) by which HDAC4 mediates myocardial repair, an interesting topic to investigate in the future. Our previous observation indicates that HDAC inhibition stimulates endogenous angiomyogenesis, and preconditioning of CSCs with HDAC inhibitor dramatically increases newly formed myocytes and microvessels when reintroduced into infarcted myocardium, which support our observation that HDAC4 inhibition promotes cardiac stem cells to enhance myocardial repairs in this investigation (46, 49) . However, it is not clear whether HDAC4 could mediate endogenous angiomyogenesis through a similar pathway or paracrine mechanism, a line which could be an interesting to investigate in the future. ϩ CSC-derived cardiomyocytes in MI hearts that received HDAC4 siRNA-treated and control siRNAtreated c-kit ϩ CSCs, respectively. c-kit ϩ CSCs were labeled with GFP, cardiomyocytes were stained with ␣-sarcomeric actinin (green), GFP was stained with anti-rabbit-IgG-Cy-3 (red), and nuclei were stained with DAPI (blue). B: the representative images of c-kit ϩ CSC-derived microvessels in MI hearts received HDAC4 siRNA-treated and control siRNA-treated c-kit ϩ CSCs, respectively. Microvessels were stained with ␣-smooth muscle actin (␣-SMA) (red), GFP was stained with anti-rabbit-IgG-FITC (green), and nuclei were stained with DAPI (blue). C: quantitative analyses of c-kit ϩ CSC-derived myocytes and microvessels in MI hearts that received HDAC4 siRNA-treated and control siRNAtreated c-kit ϩ CSCs, respectively. D: quantitative analyses of c-kit ϩ CSC-derived myocytes and microvessels in MI hearts that received adenoviral HDAC4 and adenoviral GFP infected c-kit ϩ CSCs, respectively. The details of the immunostaining procedure are described in MATERIALS AND METHODS. The number of c-kit ϩ CSC-derived myocytes and microvessels were counted in 5-6 randomized fields of 3 tissue sections for each heart. These sections, which contained infarct and border regions, were taken in the middle plane of each heart and were normalized to the tissue area. The values represent means Ϯ SE (n ϭ 3-5 per group). *P Ͻ 0.05 vs. MI heart that received control siRNA-treated c-kit ϩ CSCs in C. *P Ͻ 0.05 vs. MI hearts that received adenoviral GFP-infected c-kit ϩ CSCs in D. Scale bars represent 50 m. ϩ CSCs, respectively. B: the representative images of Ki67 and BrdU positive myocytes in MI hearts that received adenoviral HDAC4 and control adenoviral GFP-infected c-kit ϩ CSCs. Cardiomyocytes were stained with ␣-sarcomeric actinin (green), Ki67 and BrdU were labeled with anti-rabbit and anti-mouse-Cy3, respectively (red), and nuclei were stained with DAPI (blue). C: the representative images of Ki67 and BrdU positive myocytes in sham control heart. Cardiomyocytes were stained with ␣-sarcomeric actinin (green); Ki67 and BrdU were labeled with anti-rabbit and anti-mouse-Cy3, respectively (red); and nuclei were stained with DAPI (blue). D: quantitative analyses of BrdU and Ki67 positive myocytes in MI hearts that received HDAC4 siRNA and control siRNA-treated c-kit ϩ CSCs, respectively. E: quantitative analyses of BrdU and Ki67 in MI hearts that received adenoviral HDAC4 and control adenoviral GFP-infected c-kit ϩ CSCs. Details of immunostaining procedures are described in MATERIALS AND METHODS. The number of Ki67 and BrdU positive myocytes was counted in 5-6 randomized fields of the 3 tissue sections of each heart. These sections, which contained infarct and border regions, were taken in the middle plane of each heart and were normalized to the tissue area. The values represent means Ϯ SE (n ϭ 3-5 hearts per group). *P Ͻ 0.05 vs. MI heart that received control siRNA-treated c-kit ϩ CSCs in D; *P Ͻ 0.05 vs. MI hearts that received control adenovirus GFP-treated c-kit ϩ CSCs in E. Scale bars represent 50 m.
Conclusions. Taken together, our results indicate that specific inhibition of HDAC4 promoted c-kit ϩ CSC-derived myocardial repair, functional restoration, and improved myocardial remodeling in MI hearts engrafted with HDAC4 siRNA-treated c-kit ϩ CSCs. Conversely, the overexpression of HDAC4 of c-kit ϩ CSCs mitigates myocardial regeneration and functional recovery in CSC-engrafted MI hearts. Furthermore, in vitro evidence facilitated c-kit ϩ CSCs into cardiac commitment and proliferation, while the overexpression of HDAC4 antagonizes this event. Our results demonstrate that HDAC4 inhibition plays a crucial role in mediating c-kit ϩ CSCs to induce cardiac regeneration. Our study not only provides new insight into our understanding of myocardial repair, but also holds promise in developing a novel therapeutic approach for cardiac regeneration.
